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To identify and quantify active Fe species in the selective catalytic reduction (SCR) of NO by NH3, a series
of Fe/ZSM-5 catalysts was prepared by impregnation, reductive solid-state ion exchange, and chemical
vapor deposition (CVD) under different levels of Fe loading, and was characterized by XRD, temperature-
programmed desorption (TPD) of NH3 and NO,, and UV-vis, Mossbauer, and FT-IR spectroscopies. Their
SCR activity depended strongly on the preparation method, and CVD was the most effective technique.
Three types of Fe species were coexisted; aggregated o-Fe;Os particles, Fe,O, oligomer, and ion-
exchanged oxo-Fe3*. Relative concentration of oxo-Fe3* as determined by T-O-T perturbation peak in
FT-IR correlated with the higher temperature peak in NO,-TPD, which was linearly related to the catalytic
performance. Thus, oxo-Fe3* sites were considered to be the active sites and were accurately quantified
using NO,-TPD. Furthermore, the turnover frequency was independent of the preparation method and Fe

Ammonia loading.
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1. Introduction

Iron containing zeolites have attracted much interest due to
their remarkable catalytic activity for selective catalytic reduc-
tion (SCR) of NOyx (NO + NO;) by NH3 [1-6] or hydrocarbons
[3,4,7-11], N,O decomposition/reduction [12-15], oxidation of ben-
zene to phenol [16], and selective oxidation of NH3 to Nj [17]. For
reduction of NOy emission from mobile diesel engine, Fe/ZSM-5
is one of the most suitable catalysts because of its high activity
and durability [1,2,8]. Although much effort has been invested in
the characterization over Fe/ZSM-5, the active Fe sites for the SCR
reaction are still under debate. The main reason for this contin-
ued uncertainty is the coexistence of many Fe species [3,4,7,9,18],
isolated and/or binuclear Fe ions at ion exchange positions, small
oligonuclear FeyO, clusters inside and/or outside the pores, and
large Fe,03 particles on the external surface, which prevent the
identification of the active Fe sites. Furthermore, in many reactions
only a small fraction of Fe sites actively participates in the catalytic
cycle [5,9,19].

Joyner and Stockenhuber [7] have reported that Fe/ZSM-5 pre-
pared by several methods contains isolated Fe cations and nan-
oclusters with an average composition of Fe4O4 using extended
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X-ray absorption fine structure spectroscopy (EXAFS). Correlations
between catalytic activity and Fourier transform infrared (FT-IR)
spectroscopy results for adsorbed NO indicated that the Fe4O4 nan-
oclusters were more active in the SCR by propene than the isolated
cations. However, the relationship between catalytic activity and
each species has been speculative, and the active Fe sites have not
been quantified.

On the other hand, binuclear oxygen-bridged Fe sites, for which
models are derived from EXAFS studies by several group [18,20,21],
may be the active sites for SCR by hydrocarbons [8,10,11] and by
NH3 [22]. However, the correlation between the SCR activity and
the active sites using several catalysts has not been investigated.
In addition, EXAFS is unable to distinguish specific Fe species [9].
Thus, if samples contain a mixture of different Fe species, EXAFS is
an unsuitable for analyzing active sites.

Schwidder et al. [4] have prepared a series of Fe/ZSM-5 cata-
lysts using improved liquid ion exchange method containing 0.2-
1.2 wt% Fe (Fe/Al: 0.033-0.195) and have investigated the nature
of Fe sites using UV-vis, electron paramagnetic resonance (EPR),
EXAFS, transmission electron microscopy (TEM), and SCR perfor-
mance by isobutene and NHs. By correlating the activities with the
concentration of Fe sites as determined from UV-vis spectra, they
have concluded that isolated Fe sites play major roles in both SCR
reaction and that oligomers also contribute to the reactions; how-
ever, the oligomers are more active during unselective oxidation
of the reductant. They have classified the UV-vis absorption into
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three categories (isolated Fe ions, oligometric clusters, and large
particles) and have quantified each Fe species by deconvoluting
the spectra [3,4]. However, this quantification must be regarded
with caution because the extinction coefficient of each species
is different and is not yet known. In addition, as their catalysts
have been confined to one preparation method and low Fe content
(Fe/Al < 0.2), the influence of other methods and of higher Fe con-
tent are not clear. If catalysts contain excess of Fe,O3 particles,
the UV-vis spectra would become complicated and significantly
difficult to analyze [23,24] because the absorption edge of these
species depends on the particle size [25,26].

The distribution of these Fe species depends not only on the Fe
content but also on the preparation method [7]. Different studies
have presented different ways of preparing Fe/ZSM-5. These in-
clude chemical vapor deposition (CVD) of FeCls [5,8,9,27], conven-
tional liquid ion exchange [23,28], improved liquid ion exchange
using Fe(acac)s [6] and Fe?* ion generated by iron powder [4,29],
and hydrothermal synthesis [12,16]. Of these, CVD of FeCls, devel-
oped by Sachtler’s group [8], is a superior method for obtaining
high-loaded and high-dispersed Fe species in a reproducible man-
ner.

Meanwhile, to enhance the reactivity of the catalysts, a high
temperature treatment under reducing conditions has been sug-
gested [15,30]. In this treatment, smaller fragments can be created
by breaking the iron oxide clusters apart. These smaller fragments
stabilize themselves by forming strong bonds with the zeolite ma-
trix and do not agglomerate during reoxidation, resulting in in-
creased catalytic activity [15,31]. This reductive high temperature
treatment, called reductive solid-state ion exchange (RSIE), is one
of the most effective ion exchange methods for In/ZSM-5 [32],
Ga/ZSM-5 [33], and Ce/ZSM-5 [34], which are difficult to obtain
in a highly dispersed state by the conventional liquid ion exchange
method because of their higher cationic charges and/or larger hy-
dration radii.

In this study, we obtained a series of Fe/ZSM-5 containing dif-
ferent types of Fe species by various preparation methods and Fe
loading. The purpose of this paper is to identify active Fe species
in SCR of NO by NH3 and to quantify it under the coexistence of
several Fe species. To achieve this ultimate goal, we apply sev-
eral spectroscopic characterizations (X-ray diffraction (XRD) and
UV-vis, Mdssbauer, and FT-IR spectroscopies), and we introduce
temperature-programmed desorption techniques using NH3; (NHs3-
TPD) and NO, (NO,-TPD) to quantitative analysis of the adsorption
sites. The important points to identify the active sites are, first,
to apply the combination of several characterization techniques in
case their sensitivities for each Fe species differ and, second, to
investigate the correlation between these Fe species and their cat-
alytic activities.

2. Experimental
2.1. Catalysts preparation

A series of Fe/ZSM-5 catalysts was prepared by impregnation
(Imp), RSIE, and CVD with various levels of Fe loading. The sample
coding was Fe(x)met, With x and met. being the Fe/Al molar ratio
and the specific method (Imp, RSIE, or CVD), respectively.

The starting zeolite was NH4-ZSM-5 (Tosoh HSZ-830NHA,
Si/Al, = 28, Sger = 350 m?/g). NH4-ZSM-5 was transformed to
H-ZSM-5 by calcining at 873 K in air for 5 h. Fe(NO3)3-9H,0
(Wako, >99%) and FeCl3 (Wako, >99%) were used as Fe precur-
sors.

For Imp method, the required amount of an aqueous Fe(NO3)3-
9H,0 solution to obtain the desired Fe content was dropped onto
H-ZSM-5 at 353 K. The water was allowed to slowly evaporate at

Table 1
Description of Fe/ZSM-5 catalysts.

Catalyst Preparation method Fe content?
[Fe/Al molar ratio] [mmol/g]

Fe(0.25)mp  Impregnation 0.25 0.27
Fe(0.50)imp Impregnation 0.50 0.54
Fe(1.00)imp Impregnation 1.00 1.03
Fe(0.25)rsie  Reductive solid-state ion exchange 0.25 0.27
Fe(0.50)rsie  Reductive solid-state ion exchange  0.50 0.54
Fe(1.00)rsie Reductive solid-state ion exchange  1.00 1.03
Fe(0.29)cyp  Chemical vapor deposition 0.29 0.32
Fe(0.44)cyp  Chemical vapor deposition 0.44 0.48
Fe(0.78)cvp  Chemical vapor deposition 0.78 0.81

2 Analyzed by ICP.

373 K and the solid was dried at 383 K. The sample was then
calcined at 923 K in 20% O3/N, for 5 h.

For RSIE method, Fe/ZSM-5 materials prepared by Imp method
described above were placed in a flow reactor, heated to 923 K at
5 K/min in a flowing mixture of 5% H3/N,, and maintained them
at this temperature for 5 h. The sample was then calcined at 923 K
in 20% O2/N; for 5 h.

CVD of FeCl3 to H-ZSM-5 was conducted by modifying the sub-
limation method developed in Sachtler’s group [8]. First, H-ZSM-5
was placed in the flow reactor and calcined in N; at 923 K to
remove the residual water adsorbed on the surface. The calcined
H-ZSM-5 was transferred to a glove box without contacting air and
mechanically mixed with the appropriate amount of FeCls required
for the desired Fe loading. While still in the glove box, we placed
this mixture into a sealed reactor, removed the reactor from the
glove box, and set it in a furnace. Both H-ZSM-5 and FeCl; were
heated to 923 K at 5 K/min in N and maintained at this temper-
ature for 2.5 h. At this point, FeCl3 was sublimed into the cavities
of H-ZSM-5 where it chemically reacts with the acid sites accord-
ing to the reaction: FeCls (g) + H},, — [FeClz]}, | + HCI (g). In
this process, the sublimation temperature affects the nature and
the distribution of Fe species. Krishna et al. [5] reported that high
temperature (973 K) sublimation leads to more active NO reduc-
tion by NH3 than low temperature (593 K) sublimation. We cooled
the [FeClz]jeol loaded sample to room temperature, washed it with
deionized water twice to replace chloride ions with hydroxide ions,
and dried it at 383 K. Finally, the sample was calcined at 923 K in
20% 02/N2 for 5 h.

Fe content of all the samples was determined by inductively
coupled plasma (ICP) analysis, and is presented in Table 1.

2.2. Catalytic activity tests

The SCR of NO by NH3 was carried out in a fixed-bed flow re-
actor operating at atmospheric pressure. The reaction temperature
was controlled using a programmable temperature controller. Re-
actant gases were a mixture consisting of 0.1% NO, 0.1% NHs, 8%
03, 10% CO2, 8% Hy0, and the balance of N,. The catalyst weight
was 1.0 g and the total flow rate was 5 I/min. The NOyx con-
centration was continually monitored using a chemiluminescent
NO, analyzer. NO, conversion was obtained from the difference
in the NO, concentrations before and after the SCR reaction under
steady-state conditions. In addition, no formation of N,O was ob-
served in any samples during the reaction using a nondispersive
infrared N,O analyzer.

2.3. Catalysts characterization
XRD was performed using a Rigaku Rint-2200 X-ray diffrac-

tometer. An XRD spectrum was recorded in the 5° < 20 < 50°
range using CuKo radiation and a scanning speed of 1.5°/min.



M. Iwasaki et al. / Journal of Catalysis 260 (2008) 205-216 207

UV-vis spectra were recorded at ambient temperature on a
JASCO V-560 spectrometer equipped with a diffuse reflectance ac-
cessory (ISV-469). BaSO4 was used as the reference material. To
reduce light absorption, we diluted Fe/ZSM-5 samples with BaSO4
in a ratio of 1:3. The spectra were measured in reflectance mode
and converted with the Kubelka-Munk function F(Rs).

>7Fe Mbssbauer spectra were measured on a constant acceler-
ation spectrometer with °’Co in an Rh matrix source at ambient
temperature and calibrated the velocity scale using the standard
magnetic sextuplet spectrum of a high-purity iron foil absorber. All
the spectra were deconvoluted with calculated Mdssbauer spectra
consisting of Lorentzian-shaped lines. In case of quadrupole split-
ting or magnetic splitting, the line widths and the adsorption areas
of the constituent lines were constrained equally.

NH3-TPD and NO,-TPD was carried out in a fixed-bed flow re-
actor equipped with a quadrupole mass spectrometer (QMS, ULVAC
messmate-200). For NH3-TPD, the samples (250 mg each) were ac-
tivated at 923 K for 30 min in a flow of 5% O,/He (300 ml/min)
and then at 673 K for 15 min in a He flow and followed by cool-
ing to 373 K. The samples then adsorbed NH3 at 373 K for 30 min
and were flushed with He for 30 min to remove any physically
adsorbed NH3. Desorption was carried out at a heating rate of
10 K/min from 333 to 933 K in a He flow (100 ml/min). Desorbed
NH3 was analyzed by QMS based on the mass signal (m/e = 16).

For NO,-TPD, the samples (400 mg each) were activated at
873 K for 30 min in a flow of 5% Oy/He (300 ml/min) and then
cooled to 373 K in a He flow. The samples adsorbed NO; at 373 K
for 20 min and were then flushed with He for 20 min to remove
any physically adsorbed NO,. Desorption was carried out at a heat-
ing rate of 10 K/min from 323 to 873 K in a He flow (100 ml/min).
The effluent gases from the reactor were mainly NO, at low tem-
perature (<623 K) and NO and O, at high temperature (>623 K)
due to the NO; <+ NO + %02 equilibrium. We observed no forma-
tion of Ny or N»O by QMS. The NO;, concentration was obtained
using the intensity of m/e =46 (I46), and the NO concentration
was obtained using I46 and the intensity of m/e =30 (I30) accord-
ing to the following equation: I3g — a x B X I46, where « and B
are a relative sensitivity of NO to NO, in I3g and a I3o/l4¢ frag-
mentation ratio about NO,, respectively.

In situ FT-IR spectra were recorded using a NEXUS 670 (Nicolet)
equipped with a diffuse reflectance optics accessory and a high-
temperature cell. The total gas flow was maintained at 200 ml/min
by mass flow controllers. Prior to adsorption measurements with
NO,, the catalyst samples were pretreated in situ at 923 K in a
flow of 5% O,/N; for 20 min and then cooled to 323 K. The NO;
adsorption was carried out at 373 K in a flow of 0.2% NO,/N, for
40 min. At this point, saturated adsorption of NO, was verified by
the intensity of the spectrum. The samples were then cooled to
323 K in a flow of Njy. All the spectra were collected at 323 K in a
flow of N by accumulating 400 scans at a resolution of 4 cm~!. To
achieve quantification, we normalized the spectra by the intensity
of zeolite framework bands (650-700 cm~!) or zeolite overtone
bands (1850-1900 cm™!).

3. Results
3.1. Catalytic activity

Fig. 1 shows the NOy conversions of the NH3-SCR reaction as
a function of reaction temperature over Fe/ZSM-5 and over pure
H-ZSM-5. Clearly, the catalytic activity of NO, reduction increased
with increasing Fe content and with increasing reaction tempera-
ture. Although the catalysts prepared by Imp did not exhibit any
significant activity, those prepared by RSIE showed high activi-
ties, indicating that the reductive high temperature treatment in-
creases the active Fe species in a sample. Of all the catalysts, since

Fe(0.78)cyp showed the highest SCR activity, CVD is the most ef-
fective preparation technique of the three methods. Fig. 1d shows
the NO, conversions at 523 K as a function of the Fe content.
When Fe/Al > 0.4, the SCR activity decreased according to the se-
quence CVD > RSIE > Imp. Thus, the generation of active Fe species
is strongly dependent on the preparation method.

3.2. XRD

Fig. 2 shows the XRD patterns of Fe/ZSM-5 and H-ZSM-5. All
the Fe/ZSM-5 exhibited the typical lines of MFI framework, indi-
cating that the structure of the MFI remained intact even after Fe
loading. However, the intensity of the MFI framework decreased
with increasing Fe content because of the higher X-ray absorption
coefficient of Fe compounds.

In these patterns, small diffraction peaks appeared at 26 values
of 33.2°, 35.6°, 40.9°, and 49.5°, indicating an «-Fe;03; phase with
particle sizes larger than 3-5 nm. The intensity of these peaks in-
creased with Fe content and depended on the preparation method
according to the sequence Imp > RSIE > CVD. Since this order is
opposite to that of the catalytic activity, the crystalline «-Fe;03 is
thought to contribute little to the SCR reaction.

Since the o-Fey03 peak intensity of Fe(1.00)grsz was smaller
than that of Fe(1.00)imp, the reductive high temperature treatment
has the functions of diminishing crystalline size or decreasing «-
Fe;03 quantity. Pirngruber et al. [31] reported that reductive pre-
treatment in Hy broke the iron oxide clusters into smaller units by
EXAFS analysis.

3.3. UV-vis spectroscopy

UV-vis spectra of Fe/ZSM-5 are presented in Figs. 3(I)-3(III)
where spectra of reference samples, a-Fe;03 with different par-
ticle sizes (L: 0.15 pm; S: 0.05 pm), and H-ZSM-5 are also given
(see Fig. 3(IV)). In Fe/ZSM-5, the spectral intensity increased with
increasing Fe content, and the spectral shapes varied strongly
with the preparation method, indicating that the distribution of
Fe species is different.

The absorption of the UV region (<450 nm) may be due to
0 — Fe3* ligand-to-metal charge-transfer (LMCT) transitions. The
charge transfer occurs from the highest lying O 2p orbitals to the
half-occupied Fe 3d orbitals (g — eg in O, symmetry and e —
in Ty symmetry) [35]. Schwidder et al. [4] ascribed the band at
<300 nm to isolated Fe3*, the band at 300-400 nm to oligometric
clusters, and the band at >400 nm to large Fe,03 particles. How-
ever, UV-vis cannot distinguish between isolated and binuclear Fe
species as a strong shift of the LMCT bands is not expected [23].

On the other hand, the absorption of the visible region (>450
nm) may be due to d-d transitions, a phenomenon unique to «-
Fe;03 [3,25,26]. Lu et al. [26] ascribed the band near 865 nm to
6A; — 4T1(*G), the band near 670 nm to ®A; — “T»(*G), and the
band near 560 nm to 5A; + 6A; — 4T{(*G) + *T1(*G). Here, 6A;,
4T1(G), and *T,(*G) represent the ground state, the first excited
state, and the second excited state configurations of high spin Fe3*,
respectively. In the above three absorptions, the band near 560 nm,
the electron pair transition (EPT), is the strongest. The actual posi-
tion of the EPT, however, depends on the particle size of «-Fe;03
[25,26] as is evident from Fig. 3(IV).

In Figs. 3(I)-3(Ill), the specific difference in the spectral shape
was the visible region (>450 nm) assigned to large «-Fe;03
species, and their intensities follow the sequence Imp > RSIE >
CVD, the same trend displayed be XRD. Thus, the proportion of
other Fe species, oligometric clusters, and/or ion-exchanged oxo-
Fe3* should be in the contrary sequence (CVD > RSIE > Imp).
However, it is difficult to quantify these species because the ex-
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Fig. 1. Reaction temperature dependence of NOy conversion over H-ZSM-5 and Fe/ZSM-5 prepared by (a) Imp, (b) RSIE, (c) CVD, and (d) NOy conversion at 523 K as a function
of Fe/Al molar ratio over (x) H-ZSM-5 and Fe/ZSM-5 prepared by ((J) Imp, (A) RSIE, and (O) CVD. Reaction condition: 0.1% NO, 0.1% NHs, 8% O3, 10% CO,, 8% H,0, and

balance of N2, W/F = 0.2 gl/min.

tinction coefficients of each species are not known and because of
the complex overlapping of several peaks.

3.4. >’Fe Méssbauer spectroscopy

Fig. 4 shows *’Fe Mdssbauer spectra of Fe(1.00)imp, Fe(1.00)gsE,
and Fe(0.78)cyp. All the spectra can be deconvoluted into a hyper-
fine magnetic sextet line and two quadrupole doublet lines. The
sextet line is ascribed to aggregated large «-Fe;03 particles [36]
and the doublet lines are ascribed to paramagnetic Fe3* ions or
superparamagnetic «-Fe;03 with sizes less than 13.5 nm [18,19,
36]. The hyperfine parameters of these spectra are given in Table 2
as along with the relative integrated intensity of each Fe species.

All the samples were mainly constituted by large «-Fe,03 par-
ticles in the order Fe(1.00)imp > Fe(1.00)rsie > Fe(0.78)cvp, which
is the same trend observed in XRD and UV-vis results. The dou-
blet line with isomer shifts of 0.32 mm/s and quadrupole splitting

of 0.5-0.8 mmy/s (doublet (I) in Table 2) might be small «-Fe,03
particles in superparamagnetic states. On the other hand, the dou-
blet line with isomer shifts of 0.32 mm/s and quadrupole splitting
of 1.26 mm/s (doublet (II) in Table 2) might be Fe3* in a strong,
distorted octahedral environment, most likely oxo-Fe3* ions at ion-
exchanged sites or Fe,Oy oligomers. Detailed classification of these
species, however, is difficult from these spectra. Low temperature
measurements applying high vacuum conditions are necessary to
obtain additional information [12,19].

3.5. NH3-TPD

NH3-TPD spectra of Fe/ZSM-5 and H-ZSM-5 are presented in
Fig. 5. For H-ZSM-5, two main peaks (both broad) were located
around 473 and 723 K. The desorption peak at the lower temper-
ature is assigned to physorbed NH3, while the peak at the higher
temperature is assigned to NHs strongly adsorbed on the Brgnsted
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Fig. 2. XRD patterns over (a) H-ZSM-5, (b) Fe(0.25)imp, (c) Fe(0.50)imp, (d) Fe(1.00)imp, (e) Fe(0.25)rsie, (f) Fe(0.50)rsie, (g) Fe(1.00)ksie, (h) Fe(0.29)cvp, (i) Fe(0.44)cyp, and

(j) Fe(0.78)cvp.

acid sites [27,37]. For Fe/ZSM-5, the intensity of the higher temper-
ature peak was lower than that of H-ZSM-5, because the Brensted
acid protons were substituted for Fe3+.

Fig. 6 shows the comparison of the preparation methods. The
loss in intensity of the higher temperature peak, attributed to Fe3+t
ion exchange, follows the order CVD > RSIE > Imp and is consis-
tent with UV-vis and >’Fe Mossbauer results.

Interestingly, the intensity around 573 K increased as that of the
higher temperature peak at 723 K decreased, suggesting that the
jon-exchanged Fe3+ lead to the new acid sites. Sugawara et al. [38]
reported similar NH3 desorption at 573 K over Fe ion-exchanged
Na/ZSM-5, whose intensity increased with increasing Fe content,
and they have attributed this peak to desorption from binuclear Fe
species. Generation of this new acid site can be supported by FT-IR
data described later.

3.6. NO5-TPD

NO,-TPD spectra of Fe/ZSM-5 and H-ZSM-5 are presented in
Fig. 7, in which the vertical axis is the concentration of NOy. Two
main peaks were found around 473 and 623 K, and the higher
temperature (HT) peak increased with increasing Fe content. Fur-
thermore, the preparation method influenced the intensity of the
HT peak, according to the order CVD > RSIE > Imp, coinciding with
the quantity of Fe3>* ion exchange in NH3-TPD.

Long and Yang [37] have reported similar spectra in NO,-TPD
preadsorbed with NO and O,. They have attributed the lower tem-
perature peak to physisorbed NOy and the higher temperature
peak to chemisorbed NOy bonded to Fe sites because the lower

temperature peak was independent of Fe content and the higher
temperature peak increased with Fe content.

To estimate the amount of NO, desorption in the HT peak,
we carried out curve fitting. Fig. 7(IV) shows the fitted spectra of
Fe(0.78)cyp, and Table 3 lists the quantities. The NOy desorption
amount is much smaller than the Fe content, indicating that the
HT peak is probably due to desorption from specific minority Fe
sites (see Section 4). In fact, taking Fe(0.78)cyp as an example, the
ratio of the NOy desorption amount to the Fe content (NOy/Fe) in
Table 3 is smaller than the proportion of doublet (II) in Table 2
which is considered to be the mixture of ion-exchanged oxo-Fe3+
and Fe,Oy oligomers.

3.7. In situ FI-IR spectroscopy

Fig. 8 shows FT-IR spectra of the —OH stretching region be-
fore and after NO, adsorption over Fe(0.78)cyp and H-ZSM-5. Five
peaks (3783, 3745, 3676, 3662, 3610 cm~!) were observed over
Fe(0.78)cyp. The peaks at 3783, 3745, 3662, and 3610 cm~! were
also observed in the spectra of H-ZSM-5. The peaks at 3745, 3662,
and 3610 cm~! were assigned to the terminal silanols (terminal
Si-OH), -OH groups associated with extra-framework aluminum
(ex Al-OH), and bridging —-OH groups (i.e., the Bransted acid sites),
respectively [14,39,40]. The 3783 cm~! band has been assigned
to a hydroxyl group attached to a tri-coordinated aluminum atom
linked to the network via two oxygen bonds (tri AI-OH) [14,39].

In Fe(0.78)cyp, the 3610 cm~! band intensity was much lower
than that of H-ZSM-5, and a new band appeared at 3676 cm™!.
These bands are direct evidence for the replacement of the Bran-
sted acid sites by Fe3t species and for the formation of the OH
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group linked with Fe3T species (Fe-OH) [39,40], facts which are
consistent with the above NH3;-TPD data. After the NO, adsorp-
tion, only the 3783 cm~! band decreased over H-ZSM-5 while the
3676 cm™! band also decreased over Fe(0.78)cyp, indicating that
NO, adsorbed on the Fe-OH sites. This adsorption could be ob-
served in the NO, stretching region, as shown below.

Fig. 9 shows the difference of the spectra before and after NO;
adsorption in the NOy stretching region. In H-ZSM-5, small bands
at 1656 and 1590 cm~! and a very weak broad band at 2135 cm™!
were observed. These bands at 2135, 1656, and 1590 cm~! could
be assigned to NO™T, the nitro group (NO;), and nitrate ions at-
tached to H-ZSM-5, respectively [13,22,41]. In Fe/ZSM-5, new bands
at 1635 and 1572 cm~! were observed in addition to the above
bands. The bands at 1635 and 1572 cm™~! are assigned to the nitro
and nitrate groups adsorbed on Fe species, respectively [22,41]. By
considering the fact that Fe-OH band decreased with NO; adsorp-
tion (see Fig. 8), NO, must have adsorbed on ion-exchanged Fe3+
sites.

The change of spectra caused by NO, adsorption was also con-
firmed in the zeolite framework T-O-T vibration region, as shown
in Fig. 10. Bands in the 850-750 cm™! region have been attributed
to both internal and external symmetric vibrations that have not
been affected by ion exchange or NO, adsorption [13,41,42]. On the
other hand, bands in the 1000-850 cm~! range, typical for transi-

tion metal exchanged zeolites [42,43], have been attributed to the
perturbation of the internal asymmetric T-O-T vibrations by Fe3+t
located at zeolite ion exchange sites. (Unperturbed ring bands ap-
peared in the 1120-1020 cm~! region.) In fact, the perturbation
bands increased with Fe content and depended on the preparation
method according to the order CVD > RSIE > Imp, data in reason-
able agreement with UV-vis, and *’Fe Mossbauer spectroscopies,
and with the NH3-TPD results.

The perturbation band position shifted to lower wave numbers
after NO, adsorption with almost no change in intensity. It has
been reported that the perturbation band position depends on the
Fe oxidation state and adsorption of substance [13,41-43]. Gao et
al. [41] and Mauvezin et al. [42] have reported that the pertur-
bation band shifted to higher wave numbers upon reducing the
pre-oxidized Fe/[ZSM-5, and that this shift was caused by the re-
duction of Fe3* and by change of its coordination. In addition, Gao
et al. [41] have observed that the perturbation band shifted slightly
to lower wave numbers by NO + O, adsorption, possibly indicating
that the Fe oxidation state was higher than that of the pre-oxidized
Fe/ZSM-5. Nobukawa et al. [39] and Jia et al. [44] have observed
the FeG+9+ sites over Fe/ZSM-5 after N,O treatment (an oxidation
state higher than that after O, treatment) by XAFS study. Based on
these reports, the oxidation and/or coordination states of Fe were
changed by NO; adsorption.
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Fig. 4. 5’Fe Mossbauer spectra at ambient temperature over (a) Fe(1.00)mp,
(b) Fe(1.00)gsie, and (c) Fe(0.78)cyp. Curve fitting results are listed in Table 2.

Table 2
57Fe Mbssbauer hyperfine parameters and relative integrated intensities of
Fe(].OO)Imp, Fe(l.OO)RSIE, and FE(O.7S)CVD.

Catalyst Identification Isomer Quadrupole Hyperfine Relative
shift splitting field intensity
[mm/s] [mm/s] [kOe] [%]
Fe(1.00)imp Sextet 0.37 —0.1 506 95
Doublet (I) 0.39 0.55 - 2
Doublet (II) 0.32 1.26 - 3
Fe(1.00)rsiE Sextet 0.37 —0.1 515 78
Doublet (I) 0.34 0.74 - 8
Doublet (II) 0.32 1.26 - 14
Fe(0.78)cvp Sextet 0.37 —0.1 515 52
Doublet (I) 0.34 0.74 - 21
Doublet (II) 0.32 1.26 - 27

4. Discussion
4.1. Fe species in Fe/ZSM-5

According to XRD and UV-vis and Mdssbauer spectroscopies, all
the catalysts contained aggregated «-Fe,03, and their relative con-
centrations were Imp > RSIE > CVD. In addition, we also identified
FexO, oligomer and oxo-Fe3* (following the order CVD > RSIE >
Imp). From NH3-TPD and FT-IR study, we confirmed the substi-
tution of Brensted acid protons by Fe3T, and its degree was in
rough agreement with the trend of the oxo-Fe3* identified by UV-
vis and Mdssbauer spectroscopies. Consequently, in the Fe/ZSM-5
catalysts, three types of Fe species coexist, aggregated «-Fe;03
particles, FexO, oligomer in the extra-framework, and oxo-Fe3t at
ion-exchanged sites.

When quantifying these Fe species, it should be noted that the
relative intensity of the signals in the spectra do not necessarily
reflect the proportion of Fe species correctly. Comparing between
Mossbauer and UV-vis spectroscopy, for instance, «-Fe;03 was

Intensity (arb. units)

Q ol [o{«Q 37

323 423 523 623 723 823 923
Temperature [K]

Fig. 5. Temperature-programmed desorption of NH3 over (a) H-ZSM-5,
(b) Fe(0.25)imp, (c) Fe(0.50)imp, (d) Fe(1.00)mp, (e) Fe(0.25)gsie, (f) Fe(0.50)rsik,
(g) Fe(1.00)gsig, (h) Fe(0.29)cyp, (i) Fe(0.44)cvp, and (j) Fe(0.78)cyp. Catalyst weight:
250 mg, NH3 adsorption: 373 K for 30 min, measurement conditions: He flow at
100 ml/min, heating rate: 10 K/min from 333 to 933 K.
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Fig. 6. Temperature-programmed desorption of NH3 over Fe/ZSM-5 compared with
preparation method. Conditions are same as Fig. 5.

a major species in Mdssbauer results (see the relative intensity
of magnetic sextet line in Fig. 4), while it was minor in UV-vis
results (see the relative intensity of A > 450 nm in Fig. 3). The
reason for this discrepancy is explained as follows: UV-vis spec-
troscopy tends to underestimate large «-FepOs particles because
of their surface-sensitive character and the extinction coefficients
of each species may be different. On the other hand, Mdssbauer
spectroscopy tends to overestimate «-Fe;Os species because the
Debye temperature of «-Fe,03 particles is significantly higher than
that of oxo-Fe3* and oligomers, leading to decreasing the fraction
of recoil-free absorption [45]. Thus, UV-vis is sensitive to dis-
perse structures while Mossbauer spectroscopy is sensitive to large
aggregates. To avoid erroneous conclusions because of this differ-
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Fig. 7. Temperature-programmed desorption of NO; over Fe/ZSM-5 prepared by (I) Imp (a: Fe(0.25)imp, b: Fe(0.50)imp, and c: Fe(1.00)imp); (1) RSIE (a: Fe(0.25)gsik,
b: Fe(0.50)rsig, and c: Fe(1.00)gsie); (III) CVD (a: Fe(0.29)cyp, b: Fe(0.44)cyp, c: Fe(0.78)cyp) and d: H-ZSM-5; and (IV) Curve fitting spectra of Fe(0.78)cyp. Catalyst weight:
400 mg, NO; adsorption: 373 K for 20 min, measurement conditions: He flow at 100 ml/min, heating rate: 10 K/min from 323 to 873 K.

Table 3
NOy desorption amount at the higher temperature peak in NO,-TPD.

Catalyst NO, desorption®

Amount Ratio to Fe content Ratio to Al content

[nmol/g] [NOy/Fe] [NO/Al]
H-ZSM-5 19 = 0.02
Fe(0.25)imp 34 012 0.03
Fe(0.50)1mp 4 0.08 0.04
Fe(1.00)imp 48 0.05 0.05
Fe(0.25)ksiE 82 0.31 0.08
Fe(0.50)rsiE 96 0.18 0.09
Fe(1.00)rsiE 110 0.11 0.11
Fe(0.29)cvp 92 0.29 0.09
Fe(0.44)cyp 116 0.24 011
Fe(0.78)cvp 126 0.16 012

@ Higher temperature peak in NO,-TPD.

ence in sensitivity, not only the combination of several spectro-
scopies but also adsorption and desorption analyses using proper
molecules are necessary.

Regarding the structure of oxo-Fe3* at ion-exchanged sites, the
binuclear Fe-O-Fe complexes have been suggested from EXAFS
studies by several group [18,20,21]. On the other hand, mononu-
clear sites or nanoclusters with an average composition of Fe4O4

have also been identified [4,7]. In our characterization study, al-
though it was not possible to predict the structure of oxo-Fe3*t
species, we clearly confirmed the degree of Fe3* ion exchange by
NH;3-TPD (Fig. 6) and FT-IR (Figs. 8 and 10). In addition, the HT
peak observed in NO-TPD (Fig. 7) probably originated at some
specific Fe sites. Its detailed identification and the relation with
the catalytic activity are discussed below.

4.2. Correlation between active Fe sites and catalytic activity

To determine the origin of the HT peak in NO,-TPD, we investi-
gated its relation with the degree of ion exchange, estimating this
degree by the T-O-T perturbation peak in FT-IR (Fig. 10) because
of its high accuracy compared with that in the -OH stretching re-
gion (Fig. 8) or in NH3-TPD (Fig. 7). To estimate the degree of
ion exchange, the deconvolution of the T-O-T perturbation peak
was carried out, fitting the peak with a Gaussian line-shape after
subtracting the background (Fig. 11). Fig. 12 shows the relation be-
tween the T-O-T perturbation peak and the NO, amount at the HT
peak. Clearly, the NOy amount correlates with the T-O-T perturba-
tion peak, indicating that the HT peak should mainly be ascribed to
desorption from ion-exchanged oxo-Fe>™ sites. In other wards, NO;,
adsorbed selectively on oxo-Fe3* sites. In general, NO, strongly in-
teract with oxygen defect sites in metal-oxide [46]. In addition,
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considering the report that binuclear oxo-Fe3* have vacancy sites
on which NO and H,0 can adsorb [10,18], our result of NO; selec-
tive adsorption onto oxo-Fe3* is valid.

Fig. 13 shows the relationships between the NO, amount and
NO, conversion at 523 K. NOy conversion has a excellent linear
correlation with the NO, desorption amount, suggesting that the
jon-exchanged oxo-Fe3* are the active sites for the NH3-SCR reac-
tion.

Here, H-ZSM-5 has not exhibited any catalytic activity in this
temperature range whereas its amount of NO, desorption at the
HT peak is a non-zero value. We can assume that the HT peak in
H-ZSM-5 is due to desorption from the zeolite defect sites (tri Al-
OH) that are observed in the -OH stretching region at 3783 cm™!
(see Fig. 8). These sites are known to possess not only the Lewis
acid but also basic properties [47], permitting NO, desorption at
higher temperatures. By subtracting the defect sites, we obtain the
number of active sites Nact., such that Nact, = Nrejzsm-5 — NH-zsm-5,

where Nrejzsm-5s and Ny.zsm-s are the NOy amount of the HT peak
of Fe/ZSM-5 and H-ZSM-5, respectively.

The amount of active sites provides the turnover frequency
(TOF) for the NH3-SCR reaction. Fig. 14 shows TOF as a function
of the active site amount, indicating that TOF is almost constant
and suggesting that it is not affected by the preparation method.

Since the active site amount was much lower than the total
Fe content, the active sites are a minority species, and the re-
maining Fe species barely modify the catalytic activity. As we have
mentioned in the previous section, it was not possible to predict
the structure of ion-exchanged species. Assuming that more than
one structure exists (like isolate and binuclear), however, one can
expect that either (I) all the structures assigned to active sites pos-
sess a same TOF value and the non-active structures, if any, have a
near zero TOF, or (II) the distribution of each structure is identical
in all the catalysts.

Kumar et al. [48] have reported that there are three types
of ion-exchanged isolated sites in addition to oligonuclear clus-
ters (which include ion-exchanged binuclear in their paper) and
Fe oxide aggregates characterized by UV-vis and EPR. They have
proposed that one of the isolated sites is probably active for SCR
by isobutene and NHj3. At the same time, oligonuclears (prob-
ably include binuclear) contribute to the reactions as well, and
the relative concentration between isolates and oligonuclears has
been varied with total Fe content [48], indicating that the possi-
bility of (II) described above is ruled out. In addition, they have
reported that oligonuclears (and aggregates) are more active in
the unselective oxidation of the reductant [48]. In our study, the
unselective oxidation of NH3 did not occurred because of low tem-
perature measurement (<650 K). Considering the sharp and highly
symmetric NO, desorption peak (Fig. 7(IV)), even if there are sev-
eral active sites, their contribution to the low-temperature SCR
should be in the same level (i.e. possibility (I) described above),
and they should have similar characteristics. In fact, there are some
common features between the active isolated species and oligonu-
clears in Kumar's report [48]; their EPR signals are appeared at
g’ ~ 2 (other isolates are appeared at g’ ~ 4.3 and 6), and they
have higher reduction-resistance compared to other isolates. For
further detailed discussion about ion-exchanged structures, how-
ever, it is needed to prepare the catalysts exclusively containing
ion-exchanged species [4,21,23] and to apply more elaborate char-
acterizations; extremely low temperature Mossbauer using °7Fe-
enriched samples [49], KB-detected XAFS [50], magnetization mea-
surement [23], in situ EPR [48], etc.

Fig. 15 shows the Arrhenius plot of the logarithm of TOF against
the inverse temperature (523-473 K). From this slope, we obtained
an apparent activation energy E, of 46 kJ/mol. This value is close
to the value found by Devadas et al. for Fe/ZSM-5 (45 k]/mol) [51].
Thus, the estimation of the active sites and TOF in this work is a
reasonable and reliable value.

5. Conclusions

We prepared Fe/ZSM-5 catalysts by several methods (Imp, RSIE,
and CVD) with various levels of Fe loading and tested their cat-
alytic activities in SCR of NO by NHs. The SCR activity was more
dependent on the preparation method than on the Fe loading, ac-
cording to the order CVD > RSIE > Imp. As determined by several
characterization methods, three types of Fe species are found to
coexist—aggregated o-Fe; 03 particles, FeyOy, oligomer in the extra-
framework, and oxo-Fe3* at ion-exchanged sites—and their distri-
bution is strongly dependant on the preparation method. UV-vis
and Mdssbauer spectroscopies were the most useful techniques for
investigating the type of Fe species contained in the samples; how-
ever, accurate quantifications were difficult due to their different
sensitivities for each Fe species. Although NH3-TPD and FT-IR pro-
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Fig. 10. FT-IR spectra of zeolite framework T-O-T vibration region before (full lines) and after (dotted lines) NO, adsorption over (I)-a H-ZSM-5 and Fe/ZSM-5 prepared
by (I) Imp (b: Fe(0.25)imp, c: Fe(0.50)imp, and d: Fe(1.00)imp); (II) RSIE (a: Fe(0.25)rsie, b: Fe(0.50)rsie, and c: Fe(1.00)gsie); and (1) CVD (a: Fe(0.29)cyp, b: Fe(0.44)cyp, c:

Fe(0.78)cvp). Measurement and NO, adsorption conditions are same as Fig. 8.

vided ion exchange information at Brensted acid sites, they did
not yield accurate quantifications. For NO,-TPD, which had two
NO, desorption peaks, its HT peak correlated with the T-O-T per-
turbation peak in FT-IR, indicating that the HT peak was due to
desorption from ion-exchanged oxo-Fe37 sites. Since the HT peak
had a linear relationship with the catalytic performance, the ion-

exchanged sites should be the active sites and TOF is not altered
by the preparation method and Fe loading.

Based on this study, we can state that NO,-TPD enables us
to quantify the active sites despite the coexistence of several Fe
species and is a powerful technique because of its easy acquisition
and high accuracy.
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